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Summary
1. Ecotypic differences in plant growth and anti-herbivore defence phenotypes are 
determined by the complex interactions between the abiotic and the biotic environment. 
2. Root-associated microbes (RAMs) are pervasive in nature, vary over climatic gradients, 
and have been shown to influence the expression of multiple plant functional traits related 
to biomass accumulation and biotic interactions. We addressed how variation in climatic 
conditions between lowland and sub-alpine habitats in the Alps and RAMs can 
independently or interactively affect plant growth and anti-herbivore defence trait 
expression.
3. To address the contribution of climate and RAMs on growth and chemical defences of 
high- and low-elevation Plantago major ecotypes, we performed a full-factorial reciprocal 
transplant field experiment at two elevations. We coupled it with plant functional trait 
measurements and metabolomics analyses.
4. We found that local growing climatic conditions mostly influenced how the ecotypes grew, 
but we also found that the high- and low-elevation ecotypes improved biomass 
accumulation if in the presence of their own-elevation RAMs. Second, we found that while 
chemical defence expression was affected by climate, they were also more highly 
expressed when plants were inoculated with low elevation RAMs.
5. Synthesis – Our research demonstrated that RAMs from contrasted elevations impact how 
plants grow or synthesize toxic secondary metabolites. At low elevation, where biotic 
interactions are stronger, RAMs enhance plant biomass accumulation and the production 
of toxic secondary metabolites. 
Key-words – Endophytes, caffeoyl phenylethanoïd glycosides, iridoid glycosides, broad-leaf 
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Introduction
Plants are the principal source of energy for most organisms on Earth, and because they cannot 
escape herbivore attack, they have evolved a diverse and sophisticated array of defensive 
strategies to limit the damage imposed by herbivores (Dale 2011; War et al. 2012). Plant defence 
strategies include physical and chemical defences, such as the production of tough leaves and 
trichomes, or the production of toxic secondary metabolites, respectively (Mithöfer & Boland 
2012; Farmer 2014). A major task in ecology that still needs to be fully addressed is to disentangle 
the role of different biotic and abiotic factors in shaping plant defence phenotypes across space 
and time, and in relation to plant biomass accumulation. Variation in plant defence investment can 
be driven by variation in abiotic factors (Coley, Bryant & Chapin 1985), such as climatic 
conditions (Rasmann et al. 2014; Moreira et al. 2018), or variation in biotic factors, such as 
herbivore pressure (e.g. Agrawal et al. 2012), or plant-associated microbes (Bennett, Alers-Garcia 
& Bever 2006). 
Adaptation to different climatic regimes creates different plant phenotypes. While it is challenging 
to disentangle the role of climate, uniquely, from other ecological factors, such as resources 
(Coley, Bryant & Chapin 1985), or herbivore pressures (Agrawal et al. 2012) in shaping plant 
defence phenotypes (Abdala-Roberts et al. 2016a; Abdala-Roberts et al. 2016b; Pincebourde et al. 
2017), several examples have addressed the effect of temperature and precipitation on plant 
growth and defence phenotypes. To a certain degree, temperature has been shown to increase plant 
growth (Vitasse et al. 2009), as well as plant secondary metabolite production (Pellissier et al. 
2014; Yang et al. 2018). For instance, higher temperatures have been shown to stimulate the 
production of iridoid glycoside compounds in Plantago lanceolata plants, independently of their 
site of origin along elevation transects (Pellissier et al. 2014). Similarly, variation in precipitation 
regimes clearly affects plant growth (Wu et al. 2011; Didiano, Johnson & Duval 2016), as well as 
plant secondary metabolite production (Münzbergová et al. 2017; Knappová et al. 2018; 
Kergunteuil et al. 2019), but the patterns vary strongly across systems. For instance, precipitation 
has been shown to negatively correlate with leaf phenolics and hydrolysable tannins in oak trees 
(Abdala-Roberts et al. 2016b). On the contrary, Woods et al. (2012) showed that precipitation 
positively correlates with latex production across different populations of a milkweed species. 
Thus, precipitation and temperature have the potential to generate specific clines in growth and 
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Along large-scale ecological gradients, such as latitude and elevation, climatic variation is 
accompanied by variation in herbivore pressure (Schemske et al. 2009). Specifically, a long-
standing hypothesis of the plant defence theory (Stamp 2003) suggests that plant defence 
investment should be greater in warmer and more stable regions, e.g. closer to the equator or at 
low elevation, as biotic interactions such as herbivory are thought to be stronger in milder climates 
(Coley & Barone 1996; Zhang et al. 2016; Baskett & Schemske 2018; Galmán et al. 2018). Tests 
of such hypothesis have yielded mixed results, both along latitude, (Moles et al. 2011), and 
elevation (Rasmann et al. 2014), suggesting that the relationship between climate, herbivore 
pressure and plant defences is not always correlated across ecological gradients (Johnson & 
Rasmann 2011). For instance, Pearse and Hipp (2012) found that Oaks’ (Quercus spp.) leaf direct 
defences are related to the climatic niche of each species, while the production of VOCs (i.e. 
indirect defences) after wounding is mainly related to species identity and evolutionary history 
(Pearse, Gee & Beck 2013). Moreover, plant defences can be constitutively expressed, or as a 
cost-saving strategy, only induced following herbivore attack (Karban & Baldwin 1997). Theory 
suggests that in habitats where herbivore pressure is strong and constant (e.g. at low elevations 
compared to high elevation), plants should invest more in constitutive defences rather than in the 
potential to induce them (Zangerl & Bazzaz 1992). Indeed, high elevation ecotypes of Arabis 
alpina (Buckley et al. 2019b) and Plantago lanceolata (Pellissier et al. 2014) are more inducible 
than their low-elevation counterparts. Therefore, along large-scale ecological gradients, variation 
in herbivore pressure could generate clines in plant defences, both in terms of amount and 
diversity, but the direction and magnitude of such effect should be species and context-dependent. 
In addition to herbivore pressure, recent research is highlighting the role of soil-borne and root-
associated microbes in driving variation in plant defence phenotypes (e.g. Pineda et al. 2013; 
Pangesti et al. 2015; Rasmann et al. 2017). Root-associated microbes (hereafter referred to as 
RAMs, which include rhizospheric and root endophytic bacteria and fungi) are composed of a 
myriad of genetic and functional groups of bacteria and fungi (Bergelson, Mittelstrass & Horton 
2019) altogether shaping the plant growth and defence phenotypes (Jacoby et al. 2017; and 
references therein). Specifically, RAMs can affect plant defences against herbivores through 
different mechanisms (Bennett, Alers-Garcia & Bever 2006; Pineda et al. 2010). Soil-beneficial 
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(Jacoby et al. 2017). Therefore, more resources can be diverted to defences instead of growth. 
Moreover, soil-beneficial microbes have been shown to induce plant systemic resistance by 
modifying or priming the plants’ hormonal signaling pathways related to anti-herbivore defences 
(Van Wees, Van der Ent & Pieterse 2008; Pieterse et al. 2014; Rashid & Chung 2017). That said, 
genetic variation in soil microbes, such as arbuscular mycorrhizal fungi, drives positive, neutral or 
even negative effects on plant defences (Roger et al. 2013). Across different spatial scales, the 
same plant species can host highly diverse RAM communities, therefore, likely having different 
effects on plant growth and defence traits (Rasmussen et al. 2018). Theory also suggests that, 
while plants can associate with beneficial RAMs, across generations, plants have been shown to 
accumulate soil-borne pathogens which can have negative effects on their performance (Eppinga 
et al. 2006). Accordingly, when plants colonize foreign soils, they would be released from their 
potential pathogen load, and only associate with local mutualists (Inderjit & van der Putten 2010). 
Currently, only a few studies have investigated the role of local versus foreign soil microbial 
communities on plant growth along ecological gradients, (Kardol, De Long & Wardle 2014) but to 
our knowledge, none have addressed mechanistically the importance of local versus foreign 
RAMs in shaping plant defences across habitats. 
 
To summarize, one important challenge when studying variation in plant defences against 
herbivores along large-scale ecological gradients is to dissect the contribution of both the local 
climatic conditions (and herbivory pressure therein) and RAMs to plant defences. One way to 
address this challenge is to use elevation gradients as natural experimental tools (Körner 2007). 
When moving from low to high elevations, temperature and precipitation vary predictably with 
elevation, and particularly in temperate regions, high elevation sites are colder and more humid 
than their low-elevation counterparts (Chapin & Korner 1995). The abundance and diversity of 
herbivores also vary predictably along mountain slopes, with high elevation plant community 
experiencing generally lower herbivore pressure than their low-elevation counterparts (Rasmann 
et al. 2014; Galmán et al. 2018), ultimately driving relaxation of defences at the species and the 
plant community level (Callis-Duehl et al. 2017; Descombes et al. 2017; Kergunteuil et al. 2018). 
Finally, increasing evidence is showing that soil microbial communities vary along climatic and 
edaphic gradients (Zhang et al. 2013; Lazzaro, Hilfiker & Zeyer 2015; Geml 2017; Xue et al. 
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Here we specifically aimed to measure the effect of climate and RAM communities on the 
ecotypic differences in both constitutive and inducible chemical defence phenotypes, and plant 
growth, by performing a full-factorial reciprocal transplant experiment. We hypothesized that 
ecotypic functional trait differences between high and low-elevation sites, as previously observed 
(Vitasse et al. 2009; Pellissier et al. 2014; Halbritter et al. 2018; Bakhtiari et al. 2019), are driven 
by both the variation in climatic factors and the differences in RAM communities. According to 
previous observations, we predicted that high elevation climate (cold and humid) inhibits both 
defences and growth (Pellissier et al. 2014). We also predicted that at low elevation, because soil 
resources and climate are favourable, plants grow faster and bigger, at the expences of plant 
investment into defences (Herms & Mattson 1992; Defossez, Pellissier & Rasmann 2018). 
Therefore, because low-elevation plants suffer constant high herbivory pressure, plants will 
associate with low-elevation RAM communities capable of increasing chemical defence 
production. On the other hand, at high elevation, where soil resources and climate are 
unfavourable for growth, and plants experience low and scattered herbivore attack, we predicted 
that the reverse should be true; plants associate with high-elevation RAM communities favouring 
biomass accumulation. This work aims to better understand the role of different ecological factors, 
such as soil microbes, in influencing the production of plant defense strategies, and the context-
dependency of such effects.
Material & Methods
Study system
To measure the effect of RAMs and climate on plant growth and defence traits at low and high 
elevation we studied ecotypes of the broadleaf plantain (Plantago major L.) that occur along large 
areas of Europe and Central Alps. Plantago major is a self-compatible, wind-pollinated perennial 
herbaceous plant that can reproduce both sexually and asexually (through rosette formation) 
(Warwick & Briggs 1980). A previous study showed genetic differentiation of P. major 
populations with elevation (Halbritter et al. 2015). In the Central Alps, where this study took 
place, P. major grows along an elevation gradient of approximately 2000 m (~ 300 to 2300 m 
a.s.l; source: www.infoflora.ch, see supplementary material Fig. S1). Plantago major, like most of 
the species in the Plantaginaceae, produce methylcyclopentanoid monoterpenes, or iridoids, with 
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IGs and CPGs, respectively) (Boros & Stermitz 1990; Rønsted et al. 2000), that serve as resistance 
compounds against herbivores (Bowers 1988; Bowers & Puttick 1988; Puttick & Bowers 1988).
Reciprocal transplant common garden experiment
First, we reciprocally transplanted P. major individuals that originated from either low (between 
400 and 600 m above sea level) or high elevation populations (at around 1800 m above sea level) 
into two common garden sites placed at high and low elevation (Fig. 1). Specifically, seeds were 
collected from six sites across three-elevation transects (Fig. S2) in the Swiss Alps during summer 
2016 (for climatic conditions of the six sites, defined with degree-days, humidity, solar radiation, 
precipitation days, and number of frost days, and see Fig. S3. for edaphic characteristics, defined 
with soil pH, bioavailable phosphorus, organic matter, total cationic exchange capacity, total and 
active carbonates, see Table S1, and Fig. S4). Both common garden sites represent the two 
average climatic conditions of high and low elevations areas of provenance of P. major 
individuals collected for the experiment (Fig. S3). Second, at each common garden site, plants 
were inoculated with RAMs, which consisted of inoculum of root and rhizospheric soil of plants 
originating from the low and high populations. The cross-inoculation of RAMs was done within 
each transect. In sum, the reciprocal transplant manipulated three factors; plant ecotypes from high 
or low elevation, high or low common gardens, and RAMs from high or low elevation soils (Fig. 
1).
Plants that were used in the common gardens were germinated from seeds collected on 10 
randomly selected plants per population. A population was restricted to a 100 m radius. Seeds 
were pooled to obtain six populations, three from high and three from low elevation. Harvested 
seeds were kept at 4 °C until germination in Petri dishes lined with humid filter paper. One week 
after germination, plants were individually transplanted into multi-pot trays and cultivated for 2 
weeks in a climate-controlled chamber (16h/22°C - 8h/16°C day-night cycle, and 50% relative 
humidity) in common germinating soil (Landi, Switzerland). The seedlings also received nutrient 
(universal liquid fertilizer containing N: P: K ratio of 7:3:6% per litre from Landi, Switzerland, so 
that each plant received a solution containing 0.02%:0.01%:0.02% of N: P: K) twice per week. 
After two weeks, seedlings of similar size were transferred in plastic pots (13 cm width × 10 cm 
height, V= 1.5 L) filled with a nutrient-poor, autoclaved (121 °C for 20 min repeated twice with a 
delay of 48 h between the two cycles) artificial media of 500 ml sieved soil compost (1 cm mesh 
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3:5:2 ratio. The media was previously mixed with a fresh RAM inoculum, which consisted of 75 
mL (5% of the pot volume) of well-homogenized P. major roots and rhizospheric soil collected at 
the exact same locations where seeds were collected. At the end of July 2017, 288 P. major plants 
were equally distributed in the two common gardens at high and low elevation (i.e., n = 12 plants 
x 3 populations x 2 plant elevation ecotypes x 2 RAM elevation of origin treatment x 3 common 
garden sites; N=288). The plants were watered ad libitum and left to grow for a period of two 
months during summer 2017. After the first month of growth, a second freshly-collected RAM 
inoculum was added to each plant by aerating the soil and mixing it with the existing soil in order 
to account for the natural community variability of RAMs during the growing season. 
Root-associated microbial communities characterization: molecular and bioinformatics analyses
To confirm the RAM community genomic composition differences across the six different P. 
major ecotypes (i.e. one of our treatment effect in the experimental design), we collected the root 
system with the adherent rhizospheric soil of three randomly-selected individuals (the same plants 
from which inoculum was sampled for the common garden experiment) per population twice 
(once at the beginning of July and one at the beginning of August 2017) out of the ten individuals 
on which seeds for the common garden experiment were collected (N=36). DNA extractions were 
performed on the soils prior to amplicon sequencing of bacterial and fungal taxonomic marker 
genes on the Illumina Miseq platform. Detailed molecular methods are provided in the 
supplementary methods, but in brief; standardised community sample-by-phylotype relative 
abundance matrices were created from 16S rRNA (bacteria) and ITS (fungal) amplicons using 
DADA2 (Callahan et al. 2016). Phylotypes were annotated taxonomically using Greengenes and 
UNITE databases for bacteria and fungi respectively; with the fungi being further classified into 
ecological guilds using FUNGuild (Nguyen et al. (2016). 
Plant traits measurements
At the end of the growing period, we measured the following plant functional traits related to 
biomass accumulation (hereafter these traits will be referred to growth-related traits for 
simplicity), including: 1) total plant biomass (g), 2) plant height (cm), 3) specific leaf area (SLA, 
mm2mg-1), 4) leaf dry matter content (LDMC, mg g-1), 5) chlorophyll content (SPAD), and 6) 
shoot and root biomass (g) according to (Cornelissen et al. 2003). Specifically, plant height was 
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was calculated by dividing the area of the youngest fully-expanded leaf, estimated using ImageJ 
software (https://imagej.nih.gov/ij/) by its dry biomass. LDMC was calculated by dividing the dry 
biomass of the same leaf by its water-saturated fresh biomass. Chlorophyll content was measured 
on three youngest fully-expanded leaves per plant using a SPAD-502Plus chlorophyll meter 
(Konica Minolta (China) Investment Ltd). Finally, after the herbivory bioassay (see below), the 
aboveground plant parts were separated from roots and oven-dried at 40°C for 48h to measure dry 
aboveground biomass, dry root biomass, calculate the root-to-shoot ratio (RS), and quantify 
secondary chemistry (see below).
Chemical defence measurements
We assessed P. major constitutive and inducible chemical phenotypes. To quantify IGs and CPG 
induction following herbivory, we exposed plants to the generalist herbivore, Spodoptera littoralis 
(Lepidoptera: Noctuidae; obtained from Syngenta, Stein AG, Switzerland). Spodoptera littoralis is 
known to feed on species belonging to more than 80 families of plants (Brown & Dewhurst 1975), 
and is widely used for performing plant induction bioassays. Eggs were hatched at room 
temperature and first instar larvae were fed with corn-based artificial diet for one week prior to 
plant bioassay. After plant functional traits measurements, all plants were moved from the 
common gardens to a climate-controlled chamber (24/18 °C, 16/8 hrs day/night, and 55 % R.H.). 
Two larvae were placed on the whole plant (n = 8 plants x 3 populations x 2 plant elevation 
ecotypes x 2 RAM treatments x 2 common gardens, N=192). Subsequently, plants were covered 
with a fine-meshed nylon net to avoid movement of larvae away from the plants and larvae were 
left feeding on the plant for three days. At the end of the herbivore induction treatment, we 
measured IGs and CPGs on n=5 randomly-selected plants that experienced herbivory by S. 
littoralis (induced defences), and n=4 plants that were left undamaged (constitutive defences) 
using ultra-high-performance liquid chromatography-quadrupole time-of-flight mass spectrometry 
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Climate, soils and RAM communities – The climatic and edaphic niches for each of the six 
collections sites were visualized using principal component analyses (PCA) (dudi.pca; ade4 
package (Dray & Dufour 2007)). We retained the first two principal components of the PCA in 
order to graphically display the variation in climatic and edaphic niches in two dimensions. We 
tested the effect of elevation of origin and inoculation time (June or August) and their interaction 
on RAM communities compositions using two permutational ANOVAs (PERMANOVA, one for 
the bacterial and one for the fungal community), using the adonis function in the vegan package 
(Oksanen et al. 2013) and graphically represented by a non-metric multidimensional scaling 
(NMDS). The Bray–Curtis metric was used to calculate dissimilarity among samples for both the 
NMDS and PERMANOVA, although results were robust to other distance metrics. Transects were 
included as strata in the model. To investigate the effect of elevation, sampling time and their 
interaction on the abundance of the different bacterial and fungal phyla and the functional groups 
we ran multiple ANOVAs with transect nested in elevation (see Table S2). In addition, the 
average H-index for the bacterial and fungal communities source inoculum (Shannon diversity 
using diversity function in vegan package) was calculated for each elevation x time combination 
of treatment and displayed above the barplot of phylum (see Fig. 2a,b). We next tested whether the 
RAM communities were correlated with soil and climatic variables. To this end, we built 
dissimilarity matrices for each multi-trait variable (dist function in R) based on the six locations 
where P. major seeds, and soil samples were collected and the climate was determined. We then 
performed multi.mantel analyses between either a bacterial distance matrix or a fungal distance 
matrix as response variables and the climatic and edaphic distance matrices as explanatory 
variables (package phytools (Revell 2012)). 
Plant growth traits – We analysed the effect of elevation, plant ecotypes and RAMs on plant 
growth phenotypes by performing a three-way mixed-effect model, with elevation of the common 
gardens (high and low), plant elevation ecotype (high and low), and RAMs origin (high and low) 
as fixed factors, and transects of origin as random effects (function lmer, package lme4 (Bates et 
al. 2015)). To address potential collinearity between plant growth traits (total plant biomass, plant 
height, SLA, LDMC, RS, and chlorophyll content), we ran a principal component analysis (PCA; 
function dudi.pca; ade4 package (Dray & Dufour 2007)) on all plant growth traits. We then 
retained the first axis of the PCA (PCA1; explaining 44.6% of the variance, and adjusted 
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a proxy of the plant growth phenotypes. Positive values of PCA1 correlate with higher total 
biomass, plant height, LDMC, and chlorophyll content, while negative PCA1 value are correlated 
with lower SLA values. Significant main effects were visualized using boxplots and radar plots 
(function ggRadar, package ggiraphExtra (Moon 2018)). The geometrical representation of the 
radar plots allows the visualization of the multidimensional plant-growth space (Defossez, 
Pellissier & Rasmann 2018). Radial plots were built by plotting the numeric value of each trait as 
the distances from the centre of a circular field along six directions (one per trait), and the position 
of the axis was defined by the order of the variables in the previous PCA. Overall, the trait data 
were centred and scaled. Finally, we also included single traits’ analyses (for total plant biomass, 
plant height, SLA, LDMC, RS, and chlorophyll content) with the same model as used for the 
PCA. All traits except SLA were log +1 transformed.
Plant secondary chemistry – We calculated the total amount of IGs and CPGs produced by 
summing all individual peaks amounts, as well as an index of chemical diversity that takes into 
account the number of compounds and their abundance (Shannon diversity index; function 
diversity in the package vegan (Oksanen et al. 2013)). The effect of the elevation of the common 
gardens, plant ecotypes, and RAM communities, as well as the S. littoralis herbivore induction 
treatment on the total secondary chemistry, the chemical diversity, total IGs were analysed using a 
four-way mixed effect model, with transects as random factor. Next, the effect of high and low 
elevation common gardens, plant elevation ecotypes, and RAM communities, as well as the S. 
littoralis herbivore induction treatment on the composition of IGs and CPGs were analysed using 
permutational ANOVA (PERMANOVA; adonis function in the vegan package (Oksanen et al. 
2013)). The analysis was visualized using non-metric multidimensional scaling (NMDS) 
implemented in the vegan package (Oksanen et al. 2013), and the Bray–Curtis metric was used to 
calculate dissimilarity among samples for both the NMDS and the PERMANOVA. Finally, the 
effect of the RAM’s elevation origin on multiple plant secondary metabolites was visualized with 
radial plot.
Results
Climate, soils, and RAM communities - The principal component analysis (Fig. S3) highlighted 
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the three low elevation sites, as well as the low elevation common garden site, while cold 
temperature and high humidity characterized the high elevation sites and the common garden site 
at high elevation. Soil chemical analysis revealed differences in soil composition depending on 
site of collection (Table S1, Fig. S4), which only marginally clustered into two distinct, high and 
low elevation, groups (PERMANOVA; elevation effect, F1,16, = 2.25, p = 0.07). In other words, 
soil properties vary strongly depending on the very patchy geological substrate of the Alps, and 
less depending on elevation and associated climate. 
After rarefaction, we found a total of 12237 and 3286 distinct ASVs of bacterial and fungal taxa 
respectively, assigned to 10 and 5 major phyla, respectively (Fig. 2 a,b). The two PERMANOVAs 
and NMDS representations showed that RAM communities were clearly differentiated across 
elevation and sampling time (Fig. 2 c,d, Table S2). The interaction between elevation and 
sampling time was also significant (Table S2), which reveals a shift in microbial community 
composition across elevations that is time-specific. Across all sampling times, the Proteobacteria 
Phylum dominated the bacterial communities, while Ascomyceta dominated the fungal 
communities. We could observe that Acidobacteria, Chloroflexi, Planctomycetes, 
Verrucomicrobia, and TM7 were significantly more abundant in the source inoculum sampled 
during the month of August. Moreover, the Verrucomicrobia were significantly more abundant at 
high elevation than low but only for the inoculum sampling of August (Fig. 2, Table S3a). The 
relative abundance of all fungal Phyla was significantly affected by sampling time, which was 
generally higher for the month of August for all the phyla except for the Ascomycota group. In 
addition, at the August sampling time, Ascomycetes and Chitridiomycetes phyla were 
significantly more abundant at low elevation, while the Mortierellomycetes were more abundant at 
high elevation (Fig. 2, Table S3b). The fungal functional group analysis across the two elevations 
by sampling time showed that ectomycorrhizal, endomycorrhizal, and endophytic fungi were more 
abundant at the August sampling time while pathotrophs were more abundant at the June 
sampling. Across elevation, the endophyte and epiphyte fungi were significantly more abundant at 
high elevation, instead pathotrophs dominate at low elevation (Fig. S6, Table S3c). For 
endomycorrhizal fungi, despite being twice more abundant at high than at low elevation, their 
abundance was not statistically different across elevations. Finally, we found no correlation 
between the bacterial and fungal communities' dissimilarity matrix with the climatic and soil 
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value = 0.27 and p = 0.57, bacteria-climate t value = 0.61 and p = 0.64; fungi-soil: t value = 0.17 
and p = 0.75, bacteria-climate t value = -1.44 and p = 0.40).
Plant growth traits - The linear mixed model analyses (Table S4-S5) showed that plant growth-
related traits were mainly influenced by the elevation of the common garden. Plants growing in 
the common garden at low elevation grew more than at high elevation; having 43.5% more 
biomass, 37% less RS, 16% more height, 5% more chlorophyll content and 15% lower SLA 
(Table S4 for single trait LMM, Table 1 for mean trait values, and see Fig. 3a and Table S5 for 
composite plant growth based on the first axis of the PCA). Growth responses were dependent on 
the plant ecotype (see plant ecotypes by common garden elevation interaction in Fig. 3a and Table 
S5). Specifically, low-elevation ecotypes grew better than high-elevation ecotypes when growing 
at low elevation; with 50% more biomass, 31% less RS, 21% more height and 20% lower SLA 
(Table 1, and see boxplot in Fig. 3b). We also found that RAMs influenced plant growth in a plant 
ecotype dependent manner (see RAMs by plant ecotype interaction in Table S5). In other words, 
plant ecotypes growing with their local RAMs performed significantly better than when growing 
with foreign RAMs (Table 1, Fig. 3b).
Plant secondary chemistry – Through UHPLC-MS analysis, we identified 11 IGs; including 
aucubin, majoroside and melittoside, and eight unknown IGs, and three CPGs; verbascoside, 
plantamajoside and iso-plantamajoside. We found significant variation in the total amount of the 
measured secondary compounds across plant elevation ecotypes (Fig. 4a, Table S5). Low 
elevation P. major ecotypes produced 26.5% more total secondary compounds than the high 
elevation ecotype, while the chemical diversity (H) remained the same across ecotypes (Fig. 4b, 
Table S5). On the other hand, chemical diversity was significantly influenced by common gardens 
(Fig. 4c, Table S5), but not by plant ecotype identity (Fig. 4d, Table S5). Specifically, P. major 
individuals planted at the low elevation common garden produced 12.8% higher chemical 
diversity of secondary metabolites compared to individuals growing at the high elevation common 
garden. In addition, we detected a significant interactive effect between common gardens, plant 
elevation ecotype, and herbivore induction on chemical diversity (Table S5). Low elevation P 
major ecotypes, when growing at the high elevation common garden, reduced their chemical 
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only looking at the total IGs, we detected a significant interaction between common gardens and 
plant ecotype elevation (Table S6). In other words, P. major ecotypes synthesized higher 
concentrations of total IGs when growing at their local elevation than when growing at the 
opposite elevation common garden (Fig. S7). Also, P. major secondary metabolite composition 
(iridoid glycosides and caffeoyl phenylethanoid glycosides identity and abundance) significantly 
differed between common garden, plant ecotype, RAMs, and herbivory treatment (Table S7). 
Finally, the PERMANOVA revealed a significant effect of the interaction between site and plant 
elevation ecotype and site and herbivory induction, on the plant secondary metabolite composition 
(Fig. S8, Table S7). 
Discussion
Plant phenotypes have been shown to change according to the local abiotic and biotic conditions 
(van der Meijden, Wijn & Verkaar 1988; Zangerl & Bazzaz 1992; Fine, Mesones & Coley 2004; 
Agrawal, Conner & Rasmann 2010). Here, we found that, in addition to climatic differences 
between sites, differences of root-associated microbes (RAM) communities across high and low 
elevation sites have the potential to alter growth and defence traits of widely-distributed plant 
species, such as Plantago major.
Plant growth trait differences along elevation
We found that the composite plant growth axis (PCA1 of Fig. S5) was strongly affected by 
climatic and plant ecotypic variation. Specifically, ecotypes from low elevation growing at low 
elevation grew bigger and heavier than their counterparts from high elevation, while we found no 
difference in growth when the two ecotypes grew at high elevation. Similarly, Halbritter et al. 
(2015) found that P. major populations from low elevation produced more biomass when growing 
at their elevation of origin, and differences in biomass between high and low elevation ecotype 
were levelled out when both ecotypes were growing at high elevation. Such results confirm 
general patterns of plant growth along elevation gradients (Körner 2003; Kardol, De Long & 
Wardle 2014). The intrinsic idea is that plants maximize fitness when colonizing higher elevations 
by growing smaller. By growing close to the ground plants can better capture the warmth provided 
by solar radiation that they need for growth, and better cope against frequent frost events (Sakai & 
Lercher 1987). Accordingly, when growing at high elevation, plants were characterized by being 









This article is protected by copyright. All rights reserved
elevation. Such a syndrome creates smaller and sturdier plants in order to cope with colder, and 
windier, high-elevation climatic conditions (Körner 2003). We thus argue that while at low 
elevation more resources would favour the differential growth of the genotypes adapted to grow 
faster and bigger, at high elevation, climatic constraints overrule such genetic differences. 
We also found that RAMs from different elevations modified plant biomass accumulation. Low-
elevation ecotypes accumulated more biomass if in association with their own local RAMs (Fig. 
3b). In other words, we found signatures of positive interactions between plant ecotypes and their 
local soil microbes with low elevational ecotypes in their home environment. This is in contrast 
with our initial predictions suggesting that high elevation RAMs should enhance plant growth. 
That said, the effects of RAMs on plant traits might have been enhanced by our experimental 
design. Soil bacterial and fungal community effects on plants have been shown to strongly 
respond to soil abiotic properties (Lau & Lennon 2012; Smith, Facelli & Cavagnaro 2018; Xue et 
al. 2018), and empirical evidence suggests that the beneficial effect of microbes is maximized in 
stressful conditions such as when nutrients for plants are limiting (Revillini, Gehring & Johnson 
2016). This was the case for our P. major plants, which grew in relatively nutrient-poor soil (3% 
of soil organic matter in the experimental potting soil versus 19% soil organic matter in average 
across all the six natural soils, Table S1). On the other hand, our soil mixture might have disrupted 
the natural RAMs functions and structure, historically adapted to a certain range of soil abiotic 
factors (Keymer & Lankau 2017). Indeed, Rúa et al. (2016), via a meta-analysis, highlighted the 
strong role of soil origin on the plant-arbuscular mycorrhizal fungi symbiosis. Similarly, Kardol et 
al. (2014) found no signs of local adaptation to soil inoculum for Polygonum viviparum growing 
along a sub-artic elevation gradient, which was likely masked by the effect of home versus foreign 
soil properties. Accordingly, in our experiment, a positive effect of local elevation RAM was 
detected, but the effect was small, suggesting that the artificial soil might have masked the plant-
microbe local adaptation. We thus argue that the effect of soil properties on plant-microbe 
interaction as measured here should be further studied in natural communities of plants growing 
on different type of soil substrates. 
Plant chemical differences related to growth at different elevations
We found that low-elevation ecotypes produced more constitutive levels of secondary chemicals, 
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within ecotypes is in line with previous observations on the same (Bakhtiari et al. 2019), or other 
systems (Pellissier et al. 2012; Buckley et al. 2019a), which suggests that plant defences are 
associated with the co-variation of both abiotic (climate) and biotic (local herbivore pressure) 
factors (Pellissier et al. 2012). Contrary to total production, chemical diversity appeared rather 
climate-dependent, in which it was higher when plants were growing at the low elevation common 
garden site. The increase in chemical diversity at low elevation suggests a potential stimulatory 
effect of warm temperatures on secondary chemistry production (Pellissier et al 2014). 
Temperature-mediated increased phytochemical diversity at low elevation can thus favour 
increased resistance against herbivory as predicted by hypotheses on phytochemical diversity (Firn 
& Jones 2003; Richards et al. 2015). Finally, through multivariate analysis, we also detected, in 
addition to climatic and ecotypic differences, a distinctive role of RAMs in shaping the overall 
plant secondary metabolite profile. RAMs of low elevation appeared to generally boost the 
production of IGs and CPGs compared to RAMs of high elevation. Two indirect lines of evidence 
support this finding. First, several lines of evidence show that microbes modify the production of 
plant secondary metabolites, and resistance against herbivores, in both genotype- or species-
specific manner (Roger et al. 2013; Meiners et al. 2017; Zhu et al. 2018; Hubbard et al. 2019). 
Secondly, as stated above, along climatic gradients, ecological filtering should shape the genetic 
nature of soil microbial communities (Shen et al. 2015; Nottingham et al. 2019). Together this 
leads us to speculate that different climatic and soil properties mold specific microbial 
communities that should affect plant growth and defence phenotypes in a site-dependent manner. 
Due to the observed large genetic and functional diversity of the RAM communities, we here did 
not specifically address the identity of the microbes that more strongly influenced the production 
of secondary chemicals. However, because we observed more potential pathogens at low 
elevation, while more potential mutualists at high elevation, we are inclined to speculate that such 
functional differences contributes to the patterns we observed. For instance, higher defence 
stimulation by pathogens at low elevation might contribute to the observed patterns, but this 
should be studied further in the future. 
Conclusion
As part of the extended phenotype of plants, root-associated microbes contribute to plant growth 
and chemical defence production (Pineda et al. 2013). Accordingly, we showed a general 
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communities. Moreover, we found that soil microbes from the local sites enhance plant growth 
more than foreign microbes. Because soil microbes are ubiquitous and carry an enormous 
evolutionary potential allowing them to rapidly adapt to climatic and edaphic conditions at faster 
rates than plants, soil microbes should be considered, in addition to climatic change, as a key 
factor when studying plant local adaptation across ecological gradients and across different soil 
conditions. 
Acknowledgments - We thank Amandine Pillonel for help with soil analyses, Mark Szenteczki 
for support in using FUNGuild software and Adrienne Godschalx for comments on the previous 
versions of the manuscript. This work was financed by a Swiss National Science Foundation 
grants 31003A_159869 and 31003A_179481 to SR. 
Competing interest statement
The authors declare no conflict of interest.
Author Contributions
LF and VC performed the experiment, collected and analysed the data. RG, TG and JP 
characterized the root-associated microbial community. GG assisted with chemical analysis. LF 
and SR wrote the manuscript. SR conceived the study and analysed the data.
Data accessibility











This article is protected by copyright. All rights reserved
References
Abdala-Roberts, L., Moreira, X., Rasmann, S., Parra-Tabla, V. & Mooney, K.A. (2016a) Test of 
biotic and abiotic correlates of latitudinal variation in defences in the perennial herb 
Ruellia nudiflora. Journal of Ecology, 104, 580-590.
Abdala-Roberts, L., Rasmann, S., Berny-Mier y Terán, J.C., Covelo, F., Glauser, G. & Moreira, X. 
(2016b) Biotic and abiotic factors associated with altitudinal variation in plant traits 
and herbivory in a dominant oak species. American Journal of Botany, 103, 2070-
2078.
Agrawal, A.A., Conner, J.K. & Rasmann, S. (2010) Tradeoffs and adaptive negative 
correlations in evolutionary ecology. Evolution After Darwin: the First 150 Years (eds 
Futuyma DJ, Eanes WF & L. JS), pp. 243-268. Sinauer, Sunderland, MA, USA.
Agrawal, A.A., Hastings, A.P., Johnson, M.T.J., Maron, J.L. & Salminen, J.-P. (2012) Insect 
herbivores drive real-time ecological and evolutionary change in plant populations. 
Science, 338, 113-116.
Bakhtiari, M., Formenti, L., Caggìa, V., Glauser, G. & Rasmann, S. (2019) Variable effects on 
growth and defense traits for plant ecotypic differentiation and phenotypic plasticity 
along elevation gradients. Ecology and Evolution, 9, 3740-3755.
Baskett, C.A. & Schemske, D.W. (2018) Latitudinal patterns of herbivore pressure in a 
temperate herb support the biotic interactions hypothesis. Ecology Letters, 21, 578-
587.
Bates, D., Mächler, M., Bolker, B. & Walker, S. (2015) Fitting Linear Mixed-Effects Models 
Using lme4. 2015, 67, 48.
Bennett, A.E., Alers-Garcia, J. & Bever, J.D. (2006) Three-way interactions among mutualistic 
mycorrhizal fungi, plants, and plant enemies: Hypotheses and synthesis. American 
Naturalist, 167, 141-152.
Bergelson, J., Mittelstrass, J. & Horton, M.W. (2019) Characterizing both bacteria and fungi 
improves understanding of the Arabidopsis root microbiome. Scientific Reports, 9, 24.











This article is protected by copyright. All rights reserved
Bowers, M.D. (1988) Chemistry and Coevolution: Iridoid Glycosides, Plants, and Herbivorous 
Insects. Chemical Mediation of Coevolution (ed. K.C. Spencer), pp. 133-165. Academic 
Press.
Bowers, M.D. & Puttick, G.M. (1988) Response of generalist and specialist insects to 
qualitative allelochemical variation. Journal of Chemical Ecology, 14, 319-334.
Brown, E.S. & Dewhurst, C.F. (1975) The genus Spodoptera (Lepidoptera, Noctuidae) in 
Africa and the Near East. Bulletin of Entomological Research, 65, 221-262.
Buckley, J., Pashalidou, F.G., Fischer, M.C., Widmer, A., Mescher, M.C. & De Moraes, C.M. 
(2019a) Divergence in Glucosinolate Profiles between High- and Low-Elevation 
Populations of Arabidopsis halleri Correspond to Variation in Field Herbivory and 
Herbivore Behavioral Preferences. International Journal of Molecular Sciences, 20, 
174.
Buckley, J., Widmer, A., Mescher, M.C. & De Moraes, C.M. (2019b) Variation in growth and 
defence traits among plant populations at different elevations: Implications for 
adaptation to climate change. Journal of Ecology, 107, 2478-2492.
Callis-Duehl, K., Vittoz, P., Defossez, E. & Rasmann, S. (2017) Community-level relaxation of 
plant defenses against herbivores at high elevation. Plant Ecology, 218, 291-304.
Chapin, F.S. & Korner, C. (1995) Arctic and alpine biodiversity: patterns, causes and 
ecosystem consequences. pp. 332. Springer-Verlag, Berlin.
Coley, P.D. & Barone, J.A. (1996) Herbivory and plant defenses in tropical forests. Annual 
Review of Ecology and Systematics, 27, 305-335.
Coley, P.D., Bryant, J.P. & Chapin, F.S. (1985) Resource Availability and Plant Antiherbivore 
Defense. Science, 230, 895-899.
Cornelissen, J.H.C., Lavorel, S., Garnier, E., Díaz, S., Buchmann, N., Gurvich, D.E., Reich, P.B., 
Steege, H.t., Morgan, H.D., Heijden, M.G.A.v.d., Pausas, J.G. & Poorter, H. (2003) A 
handbook of protocols for standardised and easy measurement of plant functional 
traits worldwide. Australian Journal of Botany, 51, 335-380.
Dale, W.R. (2011) Plant Defense: Warding off Attack by Pathogens, Herbivores, and Parasitic 
Plants. John Wiley & Sons Ltd - Blackwell Publishing Ltd., The Atrium, Southern GAte, 










This article is protected by copyright. All rights reserved
Defossez, E., Pellissier, L. & Rasmann, S. (2018) The unfolding of plant growth form-defence 
syndromes along elevation gradients. Ecology Letters, n/a-n/a.
Descombes, P., Marchon, J., Pradervand, J.-N., Bilat, J., Guisan, A., Rasmann, S. & Pellissier, L. 
(2017) Community-level plant palatability increases with elevation as insect 
herbivore abundance declines. Journal of Ecology, 105, 142-151.
Didiano, T.J., Johnson, M.T.J. & Duval, T.P. (2016) Disentangling the Effects of Precipitation 
Amount and Frequency on the Performance of 14 Grassland Species. PLoS One, 11, 
e0162310.
Dinno, A. (2018) paran: Horn's Test of Principal Components/Factors.
Dray, S. & Dufour, A.-B. (2007) The ade4 Package: Implementing the Duality Diagram for 
Ecologists.
Eppinga, M.B., Rietkerk, M., Dekker, S.C., De Ruiter, P.C., Van der Putten, W.H. & Van der 
Putten, W.H. (2006) Accumulation of local pathogens: a new hypothesis to explain 
exotic plant invasions. Oikos, 114, 168-176.
Farmer, E.E. (2014) Leaf Defence. Oxford University Press, Oxford, UK.
Fine, P.V.A., Mesones, I. & Coley, P.D. (2004) Herbivores Promote Habitat Specialization by 
Trees in Amazonian Forests. Science, 305, 663-665.
Firn, R.D. & Jones, C.G. (2003) Natural products – a simple model to explain chemical 
diversity. Natural Product Reports, 20, 382-391.
Formenti, L., Caggìa, V., Puissant, J., Goodall, T., Glauser, G., Griffiths, R. & Rasmann, S. (2020) 
Data from: The effect of root-associated microbes on plant growth and chemical 
defence traits across two contrasted elevations. Dryad Digital Repository. 
https://doi:10.5061/dryad.0p2ngf1xf.
Galmán, A., Abdala-Roberts, L., Zhang, S., Berny-Mier y Teran, J.C., Rasmann, S. & Moreira, X. 
(2018) A global analysis of elevational gradients in leaf herbivory and its underlying 
drivers: Effects of plant growth form, leaf habit and climatic correlates. Journal of 
Ecology, 106, 413-421.
Geml, J. (2017) The Current State of Knowledge on How Richness and Community Structure 
Change with Elevation. Biogeography of Mycorrhizal Symbiosis (ed. L. Tedersoo). 










This article is protected by copyright. All rights reserved
Halbritter, A.H., Billeter, R., Edwards, P.J. & Alexander, J.M. (2015) Local adaptation at range 
edges: comparing elevation and latitudinal gradients. Journal of Evolutionary Biology, 
28, 1849-1860.
Halbritter, A.H., Fior, S., Keller, I., Billeter, R., Edwards, P.J., Holderegger, R., Karrenberg, S., 
Pluess, A.R., Widmer, A. & Alexander, J.M. (2018) Trait differentiation and adaptation 
of plants along elevation gradients. Journal of Evolutionary Biology, 31, 784-800.
Herms, D.A. & Mattson, W.J. (1992) The Dilemma of Plants: To Grow or Defend. The Quarterly 
Review of Biology, 67, 283-335.
Hubbard, C.J., Li, B., McMinn, R., Brock, M.T., Maignien, L., Ewers, B.E., Kliebenstein, D. & 
Weinig, C. (2019) The effect of rhizosphere microbes outweighs host plant genetics in 
reducing insect herbivory. Molecular Ecology, 28, 1801-1811.
Inderjit & van der Putten, W.H. (2010) Impacts of soil microbial communities on exotic plant 
invasions. Trends in Ecology & Evolution, 25, 512-519.
Jacoby, R., Peukert, M., Succurro, A., Koprivova, A. & Kopriva, S. (2017) The Role of Soil 
Microorganisms in Plant Mineral Nutrition—Current Knowledge and Future 
Directions. Frontiers in Plant Science, 8.
Johnson, M.T.J. & Rasmann, S. (2011) The latitudinal herbivory-defence hypothesis takes a 
detour on the map. New Phytologist, 191, 589-592.
Karban, R. & Baldwin, I.T. (1997) Induced Response to Herbivory. The University of Chicago 
Press, Chicago.
Kardol, P., De Long, J.R. & Wardle, D.A. (2014) Local plant adaptation across a subarctic 
elevational gradient. Royal Society Open Science, 1, 140141.
Kergunteuil, A., Descombes, P., Glauser, G., Pellissier, L. & Rasmann, S. (2018) Plant physical 
and chemical defence variation along elevation gradients: a functional trait-based 
approach. Oecologia, 187, 561-571.
Kergunteuil, A., Humair, L., Münzbergová, Z. & Rasmann, S. (2019) Plant adaptation to 
different climates shapes the strengths of chemically mediated tritrophic interactions. 
Functional Ecology, 0.
Keymer, D.P. & Lankau, R.A. (2017) Disruption of plant–soil–microbial relationships 










This article is protected by copyright. All rights reserved
Knappová, J., Židlická, D., Kadlec, T., Knapp, M., Haisel, D., Hadincová, V. & Münzbergová, Z. 
(2018) Population differentiation related to climate of origin affects the intensity of 
plant–herbivore interactions in a clonal grass. Basic and Applied Ecology, 28, 76-86.
Körner, C. (2003) Alpine plant life: functional plant ecology of high mountain ecosystems. 
Springer, Berlin.
Körner, C. (2007) The use of 'altitude' in ecological research. Trends in Ecology & Evolution, 
22, 569-574.
Lau, J.A. & Lennon, J.T. (2012) Rapid responses of soil microorganisms improve plant fitness 
in novel environments. Proceedings of the National Academy of Sciences, 109, 14058-
14062.
Lazzaro, A., Hilfiker, D. & Zeyer, J. (2015) Structures of Microbial Communities in Alpine 
Soils: Seasonal and Elevational Effects. Frontiers in Microbiology, 6, 1330-1330.
Meiners, S.J., Phipps, K.K., Pendergast, T.H., Canam, T. & Carson, W.P. (2017) Soil microbial 
communities alter leaf chemistry and influence allelopathic potential among 
coexisting plant species. Oecologia, 183, 1155-1165.
Mithöfer, A. & Boland, W. (2012) Plant Defense Against Herbivores: Chemical Aspects. 
Annual Review of Plant Biology, 63, 431-450.
Moles, A.T., Bonser, S.P., Poore, A.G.B., Wallis, I.R. & Foley, W.J. (2011) Assessing the evidence 
for latitudinal gradients in plant defence and herbivory. Functional Ecology, 25, 380-
388.
Moon, K.-W. (2018) ggiraphExtra: Make Interactive 'ggplot2'. Extension to 'ggplot2' and 
'ggiraph'.
Moreira, X., Petry, W.K., Mooney, K.A., Rasmann, S. & Abdala-Roberts, L. (2018) Elevational 
gradients in plant defences and insect herbivory: recent advances in the field and 
prospects for future research. Ecography, 41, 1485-1496.
Münzbergová, Z., Hadincová, V., Skálová, H. & Vandvik, V. (2017) Genetic differentiation and 
plasticity interact along temperature and precipitation gradients to determine plant 
performance under climate change. Journal of Ecology, 105, 1358-1373.
Nguyen, N.H., Song, Z., Bates, S.T., Branco, S., Tedersoo, L., Menke, J., Schilling, J.S. & Kennedy, 
P.G. (2016) FUNGuild: An open annotation tool for parsing fungal community 









This article is protected by copyright. All rights reserved
Nottingham, A.T., Fierer, N., Turner, B.L., Whitaker, J., Ostle, N.J., McNamara, N.P., Bardgett, 
R.D., Leff, J.W., Salinas, N., Silman, M., Kruuk, L.E.G. & Meir, P. (2019) Microbes Follow 
Humboldt Temperature Drives Plant and Soil Microbial Diversity Patterns from the 
Amazon to the Andes. Bulletin of the Ecological Society of America, 100, 1-4.
Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O'Hara, R.B., Simpson, G.L., 
Solymos, P., Stevens, M.H.H. & Wagner, H. (2013) vegan: Community Ecology Package. 
http://vegan.r-forge.r-project.org/.
Pangesti, N., Pineda, A., Dicke, M. & van Loon, J.J.A. (2015) Variation in plant-mediated 
interactions between rhizobacteria and caterpillars: potential role of soil 
composition. Plant Biology, 17, 474-483.
Pearse, I.S., Gee, W.S. & Beck, J.J. (2013) Headspace volatiles from 52 oak species advertise 
induction, species identity, and evolution, but not defense. Journal of Chemical 
Ecology, 39, 90-100.
Pearse, I.S. & Hipp, A.L. (2012) Global Patterns Of Leaf Defenses In Oak Species. Evolution, 
66, 2272-2286.
Pellissier, L., Fiedler, K., Ndribe, C., Dubuis, A., Pradervand, J.-N., Guisan, A. & Rasmann, S. 
(2012) Shifts in species richness, herbivore specialization, and plant resistance along 
elevation gradients. Ecology and Evolution, 2, 1818-1825.
Pellissier, L., Pinto, E., Niculita-Hirzel, H., Moora, M., Villard, L., Goudet, J., Guex, N., Pagni, M., 
Xenarios, I., Sanders, I. & Guisan, A. (2013) Plant species distributions along 
environmental gradients: do belowground interactions with fungi matter? Frontiers 
in Plant Science, 4.
Pellissier, L., Roger, A., Bilat, J. & Rasmann, S. (2014) High elevation Plantago lanceolata 
plants are less resistant to herbivory than their low elevation conspecifics: is it just 
temperature? Ecography, 37, 950–959.
Pieterse, C.M.J., Zamioudis, C., Berendsen, R.L., Weller, D.M., Wees, S.C.M.V. & Bakker, P.A.H.M. 
(2014) Induced Systemic Resistance by Beneficial Microbes. Annual Review of 
Phytopathology, 52, 347-375.
Pincebourde, S., van Baaren, J., Rasmann, S., Rasmont, P., Rodet, G., Martinet, B. & Calatayud, 










This article is protected by copyright. All rights reserved
Botanical Research (eds N. Sauvion, D. Thiéry & P.-A. Calatayud), pp. 289-332. 
Academic Press.
Pineda, A., Dicke, M., Pieterse, C.M.J. & Pozo, M.J. (2013) Beneficial microbes in a changing 
environment: are they always helping plants to deal with insects? Functional Ecology, 
27, 574-586.
Pineda, A., Zheng, S.J., van Loon, J.J., Pieterse, C.M. & Dicke, M. (2010) Helping plants to deal 
with insects: the role of beneficial soil-borne microbes. Trends Plant Science, 15, 507-
514.
Puttick, G.M. & Bowers, M.D. (1988) Effect of qualitative and quantitative variation in 
allelochemicals on a generalist insect: Iridoid glycosides and the southern armyworm. 
Journal of Chemical Ecology, 14, 335-351.
R Development Core Team (2019) R: A language and environement for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria.
Rashid, M.H.-O. & Chung, Y.R. (2017) Induction of Systemic Resistance against Insect 
Herbivores in Plants by Beneficial Soil Microbes. Frontiers in Plant Science, 8, 1816-
1816.
Rasmann, S., Bennett, A., Biere, A., Karley, A. & Guerrieri, E. (2017) Root symbionts: Powerful 
drivers of plant above- and belowground indirect defenses. Insect Science, 24, 947-
960.
Rasmann, S., Pellissier, L., Defossez, E., Jactel, H. & Kunstler, G. (2014) Climate-driven change 
in plant–insect interactions along elevation gradients. Functional Ecology, 28, 46-54.
Rasmussen, P.U., Hugerth, L.W., Blanchet, F.G., Andersson, A.F., Lindahl, B.D. & Tack, A.J.M. 
(2018) Multiscale patterns and drivers of arbuscular mycorrhizal fungal communities 
in the roots and root-associated soil of a wild perennial herb. New Phytologist, 220, 
1248-1261.
Revell, L.J. (2012) phytools: an R package for phylogenetic comparative biology (and other 
things). Methods in Ecology and Evolution, 3, 217-223.
Revillini, D., Gehring, C.A. & Johnson, N.C. (2016) The role of locally adapted mycorrhizas and 










This article is protected by copyright. All rights reserved
Richards, L.A., Dyer, L.A., Forister, M.L., Smilanich, A.M., Dodson, C.D., Leonard, M.D. & Jeffrey, 
C.S. (2015) Phytochemical diversity drives plant–insect community diversity. 
Proceedings of the National Academy of Sciences, 112, 10973-10978.
Roger, A., Gétaz, M., Rasmann, S. & Sanders, I.R. (2013) Identity and combinations of 
arbuscular mycorrhizal fungal isolates influence plant resistance and insect 
preference. Ecological Entomology, 38, 330-338.
Rønsted, N., Göbel, E., Franzyk, H., Jensen, S.R. & Olsen, C.E. (2000) Chemotaxonomy of 
Plantago. Iridoid glucosides and caffeoyl phenylethanoid glycosides. Phytochemistry, 
55, 337-348.
Rúa, M.A., Antoninka, A., Antunes, P.M., Chaudhary, V.B., Gehring, C., Lamit, L.J., Piculell, B.J., 
Bever, J.D., Zabinski, C., Meadow, J.F., Lajeunesse, M.J., Milligan, B.G., Karst, J. & 
Hoeksema, J.D. (2016) Home-field advantage? evidence of local adaptation among 
plants, soil, and arbuscular mycorrhizal fungi through meta-analysis. BMC 
Evolutionary Biology, 16, 122.
Sakai, A. & Lercher, W. (1987) Frost Survival of Plants. Springer-Verlag, Heidelberg, Berlin 
(DE).
Schemske, D.W., Mittelbach, G.G., Cornell, H.V., Sobel, J.M. & Roy, K. (2009) Is there a 
latitudinal gradient in the importance of biotic interactions? Annual Review of Ecology 
Evolution and Systematics, 40, 245-269.
Shen, C., Ni, Y., Liang, W., Wang, J. & Chu, H. (2015) Distinct soil bacterial communities along 
a small-scale elevational gradient in alpine tundra. Frontiers in Microbiology, 6, 582-
582.
Smith, M.E., Facelli, J.M. & Cavagnaro, T.R. (2018) Interactions between soil properties, soil 
microbes and plants in remnant-grassland and old-field areas: a reciprocal transplant 
approach. Plant and Soil, 433, 127-145.
Stamp, N.E. (2003) Out of the Quagmire of Plant Defense Hypotheses. The Quarterly Review 
of Biology, 78, 23-55.
van der Meijden, E., Wijn, M. & Verkaar, H.J. (1988) Defence and Regrowth, Alternative Plant 
Strategies in the Struggle against Herbivores. Oikos, 51, 355-363.
Van Wees, S.C.M., Van der Ent, S. & Pieterse, C.M.J. (2008) Plant immune responses triggered 









This article is protected by copyright. All rights reserved
Vitasse, Y., Delzon, S., Bresson, C.C.B.C., Michalet, R. & Kremer, A. (2009) Altitudinal 
differentiation in growth and phenology among populations of temperate-zone tree 
species growing in a common garden. Canadian Journal of Forest Research, 39, 1259-
1269.
War, A.R., Paulraj, M.G., Ahmad, T., Buhroo, A.A., Hussain, B., Ignacimuthu, S. & Sharma, H.C. 
(2012) Mechanisms of plant defense against insect herbivores. Plant Signal & 
Behavior, 7, 1306-1320.
Warwick, S.L. & Briggs, D. (1980) The genecology of lawn weeds. V. The adaptive significance 
of different growth habit in lawn and roadside populations of Plantago major L. New 
Phytologist, 85, 289-300.
Woods, E.C., Hastings, A.P., Turley, N.E., Heard, S.B. & Agrawal, A.A. (2012) Adaptive 
geographical clines in the growth and defense of a native plant. Ecological 
Monographs, 82, 149-168.
Wu, Z., Dijkstra, P., Koch, G.W., Peñuelas, J. & Hungate, B.A. (2011) Responses of terrestrial 
ecosystems to temperature and precipitation change: a meta-analysis of experimental 
manipulation. Global Change Biology, 17, 927-942.
Xue, P.-P., Carrillo, Y., Pino, V., Minasny, B. & McBratney, A.B. (2018) Soil Properties Drive 
Microbial Community Structure in a Large Scale Transect in South Eastern Australia. 
Scientific Reports, 8, 11725.
Yang, L., Wen, K.-S., Ruan, X., Zhao, Y.-X., Wei, F. & Wang, Q. (2018) Response of Plant 
Secondary Metabolites to Environmental Factors. Molecules (Basel, Switzerland), 23, 
762.
Zangerl, A.R. & Bazzaz, F.A. (1992) Theory and pattern in plant defense allocation. Plant 
Resistance to Herbivores and Pathogens (eds R. Fritz & S.E. L.), pp. 363-392. 
Uninversity of Chicago Press, Chicago.
Zhang, B., Liang, C., He, H. & Zhang, X. (2013) Variations in Soil Microbial Communities and 
Residues Along an Altitude Gradient on the Northern Slope of Changbai Mountain, 
China. PLoS One, 8, e66184.
Zhang, J., Wang, F., Che, R., Wang, P., Liu, H., Ji, B. & Cui, X. (2016) Precipitation shapes 










This article is protected by copyright. All rights reserved
Zhu, F., Heinen, R., van der Sluijs, M., Raaijmakers, C., Biere, A. & Bezemer, T.M. (2018) 
Species-specific plant–soil feedbacks alter herbivore-induced gene expression and 










This article is protected by copyright. All rights reserved
Tables and Figures
Table 1. Plant functional traits. Shown are means +/- SE of all individual traits  related to plant 
biomass accumulation; plant height, root to shoot ratio (RS), leaf dry matter content (LDMC), 
specific leaf area (SLA), chlorophyll content (SPAD values), total plant biomass, and the 
composite multivariate functional identity of growth extracted from the first axis of a principal 
component analysis (PCA1 from Figure S5).
Common garden Ecotype RAM Size RS LDMC SLA SPAD Biomass PCA1
High High High 5.44±0.24 1.4±0.09 144.02±3.23 24.03±1.09 38.04±0.85 0.96±0.1 -1.03±0.17
Low 9.17±0.45 0.61±0.04 135.83±3.38 21.67±0.81 46.89±0.89 1.85±0.13 0.86±0.19
Low High 5.86±0.22 1.42±0.12 134.52±3.95 26.39±1.03 40.04±0.95 0.66±0.08 -1.44±0.2
Low 11.19±0.3 0.86±0.07 146.81±4.32 21.09±0.98 47.5±1.24 1.79±0.13 1.37±0.25
Low High High 5.99±0.26 1.45±0.09 136.8±2.59 25.16±0.52 36.6±0.73 0.98±0.09 -1.24±0.14
Low 8.73±0.33 0.65±0.03 133.21±3.28 22.35±0.81 46.27±1.05 1.95±0.1 0.7±0.19
Low High 6.4±0.24 1.58±0.11 136.59±3.34 24.81±0.63 38.44±0.67 0.86±0.08 -1.16±0.14
Low 10.76±0.37 0.88±0.06 152.63±3.74 19.55±0.52 46.98±1 2.2±0.14 1.77±0.2
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Figure legends
Fig. 1. Experimental setup for the common garden reciprocal transplant. Seeds and root-
associated microbes (RAMs) were collected from three transects in the Alps at both high and low 
elevation, and from 10 plants per populations (1). RAMs and plant ecotypes were then fully 
crossed at both high and low elevation common garden sites (2). Each plant was grown in 1. L 
plastic pots filled with standardized and sterile growing medium inoculated with 75 ml of 
soil+RAMs from either elevation. All plants were covered with nylon netting to prevent natural 
herbivory.
Fig. 2. High and low elevation root-associated microbes (RAMs). Composition profile of 
bacterial (a) and fungal (b) communities associated with the root of P. major plants (endo-
rhizosphere) at high or low elevation in the Swiss Alps. Microbial communities where sampled at 
two different months (June and August 2017) account for within seasonal variation of the 
microbial community. The Phylum “Others” sums relative abundance of less frequent 
phylogenetic lineages. Root-associated microbial communities. Lowers panels represent the non-
metric multidimensional scaling (NMDS based on Bray-Curtis dissimilarity) plot of high and low 
elevation microbial communities (bacteria panel c) and fungi panel d) associated with the root and 
rhizosperic soil of P. major individuals growing at low (red) or high (blue) elevation in the Swiss 
Alps. 
Fig. 3. Plant growth trait analysis. Shown are a) the effect of the elevation of the common 
garden sites on plant growth for the two P. major ecotypes (red areas= low elevation, and blue 
area = high elevation), and b) the effect P. major ecotypes when inoculated with low (red hatched 
areas) or high (blue hatched areas) elevation RAMs communities. Boxplots represent plant growth 
(PCA axis 1) of plants, and above the boxplots, plant growth based on multi-trait radial plot is 
visualized using radial plots organized according to a principal component analysis (PCA; Fig. 
S5). Letters above bars show significant differences (TukeyHSD, p < 0.05).
Fig. 4. Plant chemical defences. Boxplots show total plant secondary metabolites (IGs + CPGs; 
IGs = iridoid glycosides, CPGs = caffeoyl phenylethanoid glycosides) (a, and b) and chemical 
diversity (c, and d) of P. major plants grown at two elevations (a, and c), and according to plant 
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garden (a,d) or plant ecotype elevation (b,d). Asterisks show differences in total abundance of 
chemical compounds across P. major ecotypes, and differences in chemical diversity across 
common gardens. 
Fig. 5. Root associated microbes effect on multiple plant compounds. Polygonal representation 
of the plant chemical composition. Each axis of the radial plot corresponds to one of the 13 IGs 
(iridoid glycosides) or caffeoyl phenylethanoid glycosides detected and quantified across P. major 
individuals. The chemical composition of plants is placed in relation to the root associated 
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